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Abstract
The cost of the wafer represents a signiﬁcant share of the cost of a solar module. One way to reduce it is to reduce the wafer
thickness. However, this leads to increases in the transmission of the sunlight through the cell. Therefore, light trapping schemes
must be applied to the solar cell. In recent years, metallic nanoparticles have been shown to enhance absorption in a solar cell
through surface plasmon-related eﬀects. In the present work, a method of producing silver nanoparticles has been investigated;
evaporation of silver followed by annealing. Electron microscopy was used to determine how particle size and shape depends
on process conditions. Process parameters like deposited silver thickness and time and temperature of the annealing step were
investigated. The change in reﬂection when adding silver nanoparticles on the silicon wafers was measured.
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1. Introduction
At the present time, most solar cells are made of silicon with a wafer thickness of 150–250 μm. The cost of
solar cells must be reduced in order to increase the competitiveness of this technology over other forms of electricity
production. In order to reduce the cost of solar cells, a reduction in the production costs has to be obtained. This may
be achieved by reducing the thickness of the silicon solar cell, thereby reducing the material cost. However, this leads
to increases in the transmission of the sunlight through the cell. This increased transmission through the cell may be
lowered by light trapping schemes, such as silver nanocrystals incorporated into the solar cell.
In conventional thick silicon solar cells, light trapping has been achieved by pyramid structures on the surface
that scatter light into the solar cell, thereby increasing the optical path length of the light. This applies especially
to crystalline silicon that has an indirect bandgap and a low absorption coeﬃcient. For thin silicon wafers there is a
challenge with large, geometric textures. One way of solving the problem with light trapping is to use the surface
plasmon resonance eﬀect of metallic nanoparticles. The excitation of surface plasmons in silver nanoparticles applied
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on the surface of a solar cell has been shown to have the potential to increase absorption in both wafer-based and
deposited thin-ﬁlm silicon solar cells [1, 2].
A crystalline silicon solar cell can utilize photons with energies up to 1100 nm. However, when the thickness of
the silicon wafer decreases, less of the long wavelength light will be absorbed and more will pass through the solar
cell. If particles are placed on the front of the solar cell, it is desirable to have a broad scattering peak at a wavelength
of 700-1150 nm in order to scatter some of the light that would normally not be absorbed. The surface plasmon
resonance is dependent upon surface properties, such as shape, size, and the surrounding material. By embedding
the silver nanoparticles in diﬀerent materials it is possible to change the scattering properties dramatically. MiePlot
simulations of the scattering spectra of silver nanoparticles of diﬀerent sizes embedded in Si, SiO2, SiN and Al2O3
have been shown in our previous work [3]. In order to shift the scattering peak to 700 nm when embedded in a
SiO2, Al2O3 or SiN matrix, the silver nanoparticle diameter were previously found to be 1060 nm, 608 nm, and 352,
respectively. This was not achievable by chemical synthesis; hence evaporation of silver was suggested.
Metallic nanoparticles can be fabricated in diﬀerent sizes and shapes, by various methods [4]. In the present
work, silver nanoparticles were made using thermal deposition on thin silicon wafers. This is a well-known method
to make silver nanoparticles for photovoltaic applications [5]. In order to fully understand the deposition process, a
detailed study of the evaporation and annealing parameters and the inﬂuence of diﬀerent substrates were carried out.
In addition, the reﬂection of the wafer was measured with and without particles.
The paper is structured in the following way. First the synthesis of silver nanoparticles by evaporation and anneal-
ing will be presented and discussed related to the process parameters, such as deposited thickness, substrate, and time
and temperature under annealing. Last we will discuss the reﬂection of the wafers with and without silver particles.
2. Experimental
Thermal deposition was used in order to make silver nanoparticles on silicon wafers. The wafers used for deposi-
tion are polished silicon wafers with a thickness of 50 μm. First, evaporation of a thin ﬁlm of silver onto the silicon
substrate was carried out. A NANO36 evaporator with a vacuum of 10−6 bar from Kurt J Lesker Systems was used to
deposit a 3–10 nm thick layer of silver, where the thickness was controlled by a quartz crystal thickness monitor. The
current was adjusted to give a low deposition velocity of 1 Å/s. The silver was bought from Goodfellow with a purity
of 99.99%. After the deposition, the samples were heated on a hot plate with a ceramic top in nitrogen atmosphere.
Because of increased surface tension the metal coalesces to form nanoparticles.
The silver particle size, distribution, and area coverage was measured on the images acquired by a scanning
electron microscope (SEM) with the computer program ImageJ [6]. The SEM used was a Hitachi model S-4800 with
a gun voltage of 7 kV. In ImageJ the internal particle analyzer was used with a circularity between 0 and 1 and the size
parameter was put to 5 (pixelˆ2) and larger, in order to remove some of the noise. Transmission Electron Microscopy
(TEM) images were acquired using a 200 keV JEOL 2010F microscope.
An integrating sphere was used to measure the reﬂection of the sample with varying wavelengths. The setup con-
sisted of an Ocean Optics HL-2000-FSHA light source with wavelengths from 260–2000 nm, connected to spectrom-
eters from same manufacturer of models QE65000 (200–1100 nm) and NIRQuest (900–1700 nm). The measurements
were compared to a reference sample to get out absolute values of the reﬂection.
3. Results and Discussion
3.1. Silver particle properties with deposition parameters
When changing the deposited silver thickness while the other process parameters are kept constant, the silver
particle diameter increases with increasing deposited silver thickness, as can be seen in Figure 1a and Figure 1b. At
one point the deposited silver thickness becomes so great that completely separated particles cannot be formed, as can
be seen from Figure 1c. The insert in Figure 1b is an image acquired by TEM showing the shape and size of a particle.
The particles have a elongated shape. This will aﬀect the optical properties of the device, and may result in a broader
scattering peak. The diameter (D) and height (h) is indicated in the ﬁgure. Figure 2 shows the relationship between
the deposited silver thickness and particle diameter. The particle diameter linearly depends on deposited thickness.
The largest particles were obtained upon evaporating a 8.3 nm thick silver layer, resulting in a particle diameter of
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(a) Silver ﬁlm thickness of 3 nm (b) Silver ﬁlm thickness of 5 nm (c) Silver ﬁlm thickness of 10 nm
Figure 1: Images acquired from SEM showing how the particles change with deposited silver thickness. Except for the deposited
silver thickness, all other process parameters were the same. The image inserted in (b) is a TEM image showing the particle shape.
Figure 2: The relationship between deposited silver thickness
and particle diameter is presented. The particles diameter lin-
early depends on deposited thickness. Annealing time and
temperature was 200◦C and 1 hour, respectively.
Figure 3: Photograph of two glass slides covered with silver
is presented. (a) before annealing it was covered with a silver
ﬁlm and looked blue (b) after annealing it was covered with
silver nanoparticles and looked yellow.
65 nm. The mean particle diameter as well as the standard deviation was found by ﬁtting the data to a log-normal
distribution. The same method was used in our previous paper [3]. Increasing the thickness of the deposited silver
layer both increases the particle size as well as the standard deviation. This means that samples with smaller particles
have a more uniform size distribution of particles.
In order to determine if there is a correlation between the annealing time and temperature with particle size, the
heat treatment of silver deposited on wafers was investigated. To visualize the process, glass slides were used. When
a thin ﬁlm of silver (5 nm) has been deposited on a glass slide, it shows a blue color as can be seen in Figure 3a.
If a thicker layer (10–15 nm) is deposited, the ﬁlm will look like silver. After annealing the sample at 200◦C for a
few seconds, particles start to form and the color slowly changes to yellow, shown in Figure 3b. The color stabilizes
after a few minutes. This color change is in agreement with results found previously by Bonsak et al. [7] for silver
nanoparticles in solution. The color change takes place because nanoparticles of silver absorb light at a particular
wavelength. This experiment shows that only a few minutes of annealing is enough to form particles, and that more
time does not inﬂuence the particle size. The inﬂuence of particle diameter with annealing time and temperature was
also studied more systematically, and the results are plotted in Figure 4. Figure 4a shows the eﬀect of the annealing
time for samples with a deposited silver thickness of 6.2 nm. No signiﬁcant changes in particle size with annealing
time were observed. Figure 4b shows samples with 5 nm ﬁlm thickness heated at 150◦C, 200◦C and 250◦C for
diﬀerent annealing times. The standard deviation in the ﬁgure is 17–20 nm for all the data points. No signiﬁcant
change in the size between the diﬀerent temperatures was observed.
By changing the substrate, it was possible to change the silver particle size without changing the thickness of
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Table 1: Particle sizes obtained for diﬀerent substrates. The area fraction is the area of the particles compared to the total area.
Annealing time and temperature was 200◦C and 1 hour, respectively. Deposited silver thickness was 5 nm on all samples.
Substrate Mean diameter Standard deviation of diameter Area fraction
Si 30.0 nm 12.5 nm 40 %
SiOx 24.5 nm 9.9 nm 44 %
SiNx 33.3 nm 18.7 nm 41 %
Si+HF 65.8 nm 40.7 nm 35 %
(a) Annealing temperature was 200◦C. Deposited silver
thickness was 6.2 nm. No signiﬁcant change in particle
size with annealing time is observed.
(b) Deposited silver thickness was 5 nm on all samples.
No signiﬁcant change in the size between the diﬀerent
temperatures is observed.
Figure 4: The relationship between annealing time/temperature and particle diameter is presented.
deposited silver [Table 1]. Four diﬀerent substrates were used for deposition; untreated silicon wafers, wafers with
deposited SiOx and SiNx, and wafers cleaned in HF solution. Untreated wafers, wafers with SiOx and wafers with
SiNx gave the smallest particles. Wafers cleaned with HF gave signiﬁcantly larger particles.
The area fraction also changes with diﬀerent substrates. As indicated in Table 1 substrates with larger particles has
smaller area fraction. Since there is a ﬁxed amount of silver (same deposited thickness on all the samples) the larger
particles has to be ticker than the smaller particles. We could not obtain particles larger than the previous maximum
of 65 nm by using HF treated wafers.
3.2. Optical properties
Reﬂection measurements were performed on wafers with particles of diﬀerent sizes. The reﬂection was measured
on both sides of the wafer; from the front, where the particles were located, and from the back. When measuring
from the back, the light goes through the wafer before interacting with the particles. The reﬂection measurements
are shown in Figure 5. The reﬂection was measured on a plain wafer without particles and on wafers with particles
made by depositing a 4.2 nm, 5.2 nm, 6.2 nm and 10.2 nm thick layer of silver. The wafer with a deposited silver
thickness of 10.2 nm is covered with elongated particles that are not completely separated. Figure 5a shows the
reﬂection measured from the front. For wavelengths in the range 400–1000 nm the reﬂection is higher for wafers
with particles, than without, and there is a clear red shift of the reﬂection peak found between 400–600 nm for wafers
with increasing particle sizes. The change is indicated by an arrow in the ﬁgure. For wavelengths above 1000 nm
the reﬂection is lower for wafers with particles. Reﬂection for these long wavelengths are from back-side reﬂections,
meaning light has been traveling through the wafer and is reﬂected at the back-side before exiting on the front side.
Since the reﬂection for the long wavelengths are lower with particles, it indicates that the light is scattered into the
wafers. This indicates that silver nanoparticles can be used as a light trapping scheme. However, they should be used
in such a way that they do not increase the short wavelength reﬂection. One alterative that has been suggested is
placing the particles on the back of the solar cell. Wafers with a thick deposited layer of silver, in this ﬁgure 10.2 nm,
acts as a mirror and the reﬂection is increased for all wavelengths.
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(a) (b)
Figure 5: The reﬂection is given as a function of wavelength for wafers with and without particles. The sample labeld ”Plain”
is a wafer without particles. The samples labeled 4.2 nm, 5.2 nm and 6.2 nm have particles made with diﬀerent deposited silver
thicknesses, and therefore diﬀerent sizes. The sample labeled 10.2 nm is covered with elongated particles that are not completely
separated. (a) Reﬂection from the front (b) Reﬂection from the back
When the reﬂection is measured from the back, light with wavelengths up to 900 nm is fully absorbed before
reaching the other side; hence this light do not interact with the nanoparticles. This can be seen in Figure 5b. For
wavelengths above 900 nm the reﬂection is dependent on the particle size, and is decreasing for larger particles, as
indicated by an arrow in the ﬁgure. The reﬂection is lowest for 10.2 nm layer of silver. This layer works more like a
mirror and could be looked at as a back side reﬂector.
4. Conclusion
The size of the silver particles can be controlled by varying the deposited silver thickness. Maximum achievable
particle size was 65 nm. It is also possible to form silver particles on diﬀerent substrates. This inﬂuences the size and
shape of the particles. The size of the particles is not sensitive to temperature and time of the annealing step, as long
as a certain threshold is exceeded. The particle formation takes only minutes to complete and a temperature of 150◦C
is more than enough. The front-side reﬂection increases for wavelengths in the range 400–1000 nm for wafers with
silver particles and decreases for wavelengths above 1000 nm, compared to wafers without particles. The back-side
reﬂection decreases with increasing particles size.
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